Introduction
Basic requirements for the safety of tissues and cells for human application (patient treatment) related to the risk of transmitting a viral infection are defined in the EU directives 2004/23/EC and 2006/17/EC [1, 2] as well as in accompanying regulations. Standards were fully implemented into German law on July 20, 2007 via the Tissues and Cells Act also anchored in guidelines issued by the federal authority [3, 4] , including minimum requirements for in vitro testing for biological markers of donor blood.
Cadaveric blood samples of cornea donors which can be obtained at maximum 24 h post mortem are often of poor quality. Therefore, stored ante mortem blood samples frequently have to be considered for analysis [5] [6] [7] . Serologic assays usually allow testing of samples that are stored at 4 ° C (2-8 ° C) for up to 7 days. In contrast, for the detection of HCV RNA by PCR mostly shorter storage times have been defined by the manufactures -e.g., for the Roche Assay (COBAS Ampliprep/COBAS TaqMan HCV Quantitative Test Version 2.0 (CAP/CTM), Roche Diagnostics, Basel, Switzerland) a maximal storage time of 72 h for serum and plasma specimens after centrifugation has been defined. A common diagnostic problem that arises in the context of cornea donor testing is a considerable hemodilution in the acute phase pre mortem (up to onethird of the excluded cornea donors). This in turn may sometimes require the use of 'older', stored blood samples collected more than 72 h prior to testing. This storage is usually done at 4 ° C in the refrigerator. The 72-hour storage restriction leads to a loss of potential cornea donors because the required HCV RNA test can no longer be performed.
Although previous studies showed that samples could be stored at 4 ° C for several weeks without significant loss of HCV RNA [8, 9] , the suitability of the diagnostic test system has to be proven in the above described context.
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Summary
Background:
The HCV RNA testing of potential cornea donors frequently relies on blood samples stored pre mortem. The recommended storage time of maximum 72 h frequently excludes a significant fraction of donors. Methods: The influence of storage time of EDTA plasma samples at 4 ° C on the viral load measured with the Roche HCV Quantitative Test vs. 2.0 was evaluated for 43 samples from HCV-positive individuals. Results: The mean reduction of the viral load after 4 ° C storage for 6-8 days was 0.46 log 10 IU/ml (range +0.17 to -1.66 log 10 IU/ml). After 1-3 days a mean loss of 0.19 log 10 IU/ml (range +0.30 to -1.41 log 10 IU/ml) and after 3-5 days of 0.32 log 10 IU/ml (range +0.36 to -1.81 log 10 IU/ml) was observed. In 23.3% of samples, a viral load reduction 1 log 10 IU/ml (1.0-1.81 log 10 IU/ml) was found after prolonged storage (5-8 days) . In none of the samples did the HCV load fall below the detection limit. Conclusion: Plasma storage for up to 8 days can quantitatively reduce the HCV RNA load, yet has no influence on the reliability of a qualitative HCV RNA detection by this ultrasensitive test to determine the HCV status of serologically negative cornea donors.
In the current study the influence of the storage time of plasma samples at 4 ° C was evaluated for 43 samples from HCV-positive individuals. Specifically, we quantified the HCV RNA load in these samples to assess whether or not a relevant viral load reduction could be seen.
Material and Methods
For HCV RNA detection and quantitation the COBAS AmpliPrep/COBAS TaqMan HCV Quantitative Test Version 2.0 (Roche Diagnostics, Basel, Switzerland) was used according to the manufacturer's recommendations. Patient samples were diluted 1: 5 in negative plasma prior to use. This step was routinely performed in our laboratory with cadaveric samples obtained up to 24 h post mortem to minimize the role of interfering factors in plasma and, in the context of this particular study, to obtain a sufficient volume for repeat testing. The detection limit of the CAP/CTM assay is 15 IU/ml in undiluted samples according to the manufacturer's information.
A total of 43 different left-over samples from routinely tested patients with different HCV RNA loads were used in this study.
Samples were centrifuged for 20 min at 1,600 × g, the plasma was aliquoted and stored at 4 ° C (which always refers to a temperature range of 2-8 ° C). For the majority of samples (n = 27) one additional aliquot was frozen at -18 ° C and retested at the end of the study period (between day 7 and 90).
In undiluted patient samples with known HCV infection the HCV load was first assessed on the day of sampling (day 0) or 1 day later (day 1) (termed 'original sample'). In a second run at the same day (day 0 or 1) or up to 3 days later a 1: 5 dilution of the sample (stored at 4 ° C) in HCV-negative plasma was retested to estimate the influence of sample dilution. The estimated viral loads of the undiluted original samples ranged between 640 und 6,400,000 IU/ml (mean 4.84 ± 0.84 log 10 IU/ml). A second and third HCV RNA testing of samples stored at 4 ° C was performed on day 2-5 and day 6-8 after sampling, respectively. All stored samples were diluted 1: 5 in negative plasma prior to testing. These test values were multiplied by the dilution factor and transferred in log 10 IU/ml. Time intervals of testing, storage conditions, and sample dilution are summarized in table 1.
Results
The quantification of the HCV RNA load in relation to storage time showed partially heterogenic results, especially after storage at 4 ° C for longer periods of time (6-8 days, table 2). The mean reduction of the viral load after 4 ° C storage for 6-8 days in comparison to the result determined for the original sample (days 0 or 1) was 0.46 log 10 IU/ml (range +0.17 to -1.66 log 10 IU/ml, fig. 1 ). In 9 of the investigated samples (20.9%) a viral load reduction 1 log 10 IU/ml (1.0-1.66 log 10 IU/ml) was found after prolonged storage (6-8 days). In two additional samples (No. 8 and 27, table 2) a reduction of the viral load of 1.81 and 1.03 log 10 IU/ml was seen after storage of 5 and 1-3 days, respectively. Unfortunately, insufficient quantities of these plasma samples precluded testing of this plasma also at later time points. Six of these 9 samples, that had been stored at -18 ° C in parallel, could be re-tested. In three of them a viral load reduction of more than 1 log 10 IU/ml (storage at 4 ° C) compared to viral loads in the respective aliquots stored -18 ° C could be confirmed (samples No. 15, 41, 43, table 2). In the other three samples (samples No. 14, 26, 33) the viral load decrease ranged between 0.53 and 0.99 log 10 IU/ml. Interestingly, storage at -18 ° C resulted in a high variance of the test results, too. On average the viral load was reduced by only 0.06 log 10 IU/ml, but the range of differences between the viral load in the original sample compared to that stored at -18 ° C varied between -0.49 and +0.34 log 10 IU/ml. In table 2 the differences between the viral loads of the stored samples (4 ° C for 6-8 days or -18 ° C for 7 days) and the baseline value are shown. In figure 1 and 2, the 11 samples with 1 log 10 IU/ml differences of viral load in comparison to the 'original samples' are presented. The samples were arranged in ascending order according to their viral load result in the original sample. In addition to the above mentioned 9 samples, 8 samples were found to have a viral load reduction by more than 1 log 10 IU/ml already after a storage time of less than 6-8 days: in 3 cases after a storage of 1-3 days (samples No. 14, 15, 27) and in 5 cases after (or additionally after) 3-5 days (samples No. 8, 13, 14, 15, 43). Importantly, in none of the investigated samples in this study the HCV RNA test result became negative after prolonged storage.
Discussion
Several studies have investigated the influence of storage on the quantifiable HCV viral load in patient blood samples [8, 9] . Most of these studies were conducted with small patient numbers with the aim of verifying routine sampling conditions. As a consistent finding, the HCV RNA load was in most instances stable for 72 h at 4 ° C [8] [9] [10] [11] [12] . However, storage at other conditions (e.g. room temperature) or for longer time periods at 4 ° C resulted in more discrepant outcomes. In some studies HCV RNA seemed to be relatively stable at 4 ° C for several weeks [8, 9, 11] , but other studies found significantly decreasing viral loads in some samples stored for more than 72 h [10, 13] . As a confounding issue, in all of these studies only a small number (2-19) of individual samples were analyzed, and different material (serum or plasma), storage conditions, and also variation of diagnostic assaysmade an inter-study comparison even more difficult. Our HCV RNA load quantifications of 43 individual patient samples demonstrate that prolonged storage times at 4 ° C can in some cases significantly reduce the viral load. This phenomenon (cut-off 'reduction' 1 log 10 IU/ml) could be observed in 10 out of 43 samples (23.3% for a storage time of 5-8 days). The maximal reduction observed was 1.81 log 10 IU/ml HCV in 1 sample after a 5-day storage at 4 ° C correspond- ing to a 64-fold reduction of the original viral load. Interestingly, in 3 cases (7%) a reduction of the viral load of more than 1 log 10 IU/ml was observed already after storage for 1-3 days. Of note, this time frame falls into the presumably uncritical storage time stated in the product sheet of the manufacturer (at 4 ° C up to 72 h). Considering a loss of 0.5 log 10 IU/ml or less 'acceptable', still 6 cases From a different perspective, the majority of HCV RNA-positive plasma samples showed only marginal changes of the viral loads after storage at 4 ° C. After 1-3 days and 3-5 days , a mean loss of 0.19 log 10 IU/ml (+0.30 to -1.41 log 10 IU/ml) , and 0.32 log 10 IU/ml (+0.36 to -1.81 log 10 IU/ml) was observed, respectively. At the endpoint of the study (day 6-8), the viral load had decreased on average by 0.46 log 10 IU/ml (+0.17 to -1.66 log 10 IU/ml). In none of the samples investigated, the storage resulted in a complete loss of detectable HCV RNA. In other words, none of these patient samples would have been classified as HCV RNA-negative.
Sample storage at -18 ° C for 7 days resulted for none of the samples in a loss of the HCV RNA load of more than 0.5 log 10 IU/ml, indicating that one freeze-thaw cycle does not markedly affect the outcome. This was confirmed in a recent study by the Australian Red Cross Blood Service [14] showing that the detection of HCV RNA was not affected by storing plasma frozen at -30 ° C for up to 3 years at high and low viral load levels, and that the detection of HCV RNA was not affected by up to three freeze-thaw cycles.
It remains unknown which specific factors have influenced the loss of HCV RNA in some of the patient plasma samples. A viral load loss 1 log 10 IU/ml was independent of the viral load in the original sample ( fig. 1, 2 ) and of the HCV genotype (data not shown). On the other hand, it has to be noted that in our study samples were tested in several runs, which could account for a higher variance of test results due to the inter-assay variance.
Overall, in a discussion on potentially extension of the maximal storage time of plasma samples for HCV RNA testing of cornea donors, different aspects have to be considered: At present, German legislation does not define a detection limit of the HCV RNA PCR used in the context of cornea donor testing [3, 4] . Because of this lack of requirement, usually the detection limit required according to German legislation for testing blood donations (5,000 IU/ml = 3.7 log 10 IU/ml HCV RNA) [15, 16] is applied.
Of note, samples are pre-diluted 1: 5 in negative plasma which increases the theoretical detection limit of the test to 75 IU/ml (15 IU/ml = 1.18 log 10 IU/ml standard detection limit) and the detection limit for donor samples to 1,000 IU/ml (= 3.0 log 10 IU/ml). Importantly, none of the 43 samples studied fell below this level, even after prolonged storage at 4 ° C.
In the most extreme case of our study, a reduction of the HCV RNA load by 1.81 log 10 IU/ml was observed, corresponding to a 64-fold reduction. Theoretically, in a plasma sample with an HCV load of 1,000 IU/ml (the required detection limit after pre-dilution) the viral load would be reduced to 16 IU/ml but would be still above the assay's detection limit. In this context the benefit of a 1: 3 instead of 1: 5 dilution has to be considered, because the sensitivity and reliability of results in samples with low viral load might be improved. On the other hand, in cases of low sample volume or in the presence of inhibitory factors a higher pre-dilution may have advantages. Along these lines, Schulze et al. [17] showed by testing plasma spiked with 5,000 IU/ml HCV RNA that all samples, which had been immediately stored at 5 ° C for up to 120 h, were qualitatively detectable in a 1: 96 dilution (simulating pool testing). While the use of pooled sample testing is common in the context of blood donors, it is not applicable for testing of individual cornea donors.
However, it is possible that a plasma sample with a starting HCV RNA load of less than 1,000 IU/ml could be missed after storage for 6-8 days at 4 ° C. It is thus critical that all donors in parallel are serologically tested for anti-HCV antibodies. Accordingly, a chronically infected donor in most cases would be identified. Acute HCV infections prior to seroconversion typically show a rapidly increasing viral load, i.e., the time window with low RNA levels is therefore very short [18] [19] [20] [21] .
A potential limitation of our study design is that the samples used represent anti-HCV-positive samples, exclusively. It is conceivable that HCV antibodies might stabilize HCV particles. Therefore, future analyses with window phase samples may provide important additional insight into particle behavior and stability also in the absence of antibodies. Furthermore, it has to be noted that our validation was performed exclusively with plasma samples, and results cannot be transferred directly to serum samples. Interestingly, a study by Da Silva Cardoso et al. [22] suggests that the presence of blood cells and the type of blood sample (serum or plasma) has only a small effect on the HCV RNA concentration after storage at 4 ° C.
Another relevant aspect to assess is that the transmission risk for the cornea recipient, in regard to blood-borne viruses like HCV ,via a cornea transplant is nearly nonexistent because this tissue is rarely soaked with blood and additionally rinsed with saline prior to transplantation [23] . Remarkably, transplantation of several tissues from an HCV RNA-positive, antibody-negative donor resulted in an HCV infection in 8 out of 30 recipients. In contrast, the recipient of the cornea remained HCV-negative [24] . However, this has to be interpreted with caution. Heck et al. [25] were able to detect HCV RNA in 17 of 22 (77%) cornea samples of HCV-positive donors. None of the cornea samples were HCV RNA-positive in the absence of detection of HCV RNA in the blood sample, demonstrating the importance of routine HCV RNA PCR blood testing to reduce the transplantation-associated risk for HCV transmission.
In conclusion, our data for 43 HCV RNA-positive EDTA plasma samples show that a prolonged storage for up to 8 days (and thus considerably longer than the current standard of 72 h) at 4 ° C may lead to decreasing HCV RNA loads, but this has no significant influence on the reliability of a qualitative HCV RNA detection to assess the suitability of a cornea donor in respect to this infectious agent. Beyond donor testing, the storage-associated reduction of HCV RNA loads may impact viral load monitoring of HCV patients under therapy.
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